An experimental and theoretical study of ground-state photoionization of neon is presented in the photon energy range between 44 and 53 eV. This portion of the spectrum is characterized by singly excited Rydberg series 2s2p 6 np, and by overlapping doubly excited Rydberg series 2s 2 2p 4 3s np and 2s 2 2p 4 3p nl (l = s; d). With the use of synchrotron radiation of = 3 meV spectral resolution, numerous hitherto unobserved resonances were resolved, including some which exhibit relativistic e ects. To identify resonances observed here and in earlier works, we employed numerical calculations, which combine the eigenchannel R-matrix method, multichannel quantum defect theory (MQDT), and the recoupling frame transformation. These nearly ab initio methods account for most of the observed features in the spectrum, including a class of spin-induced relativistic e ects.
I. INTRODUCTION
Photoionization of the ground state of neon is characterized, at photon energies from 44 to 53 eV, by singly excited 2s2p 6 np autoionizing Rydberg series and by overlapping doubly excited 2p 4 3s np and 2p 4 3p nl (l = s; d) autoionizing Rydberg series. The doubly excited resonances can be photoexcited mainly through the presence of electron correlations in the initial state 2s 2 2p 6 1 S. Thus these series typically appear with very low intensities in the photoionization cross section. The decay dynamics of these Rydberg states is complicated by strong interchannel interactions and by the numerous competing autoionization paths | all states decay into the singly excited 2p 5 "l continua and, if allowed by energy conservation, into other doubly excited continuum channels 2p 4 3s "p and 2p 4 3p "l (l = s; d) 1] .
In a pioneering work of neon excitation, Codling et al. 2] measured the absorption spectrum at photon energies from 44 to 64 eV. However, owing to their limited 12 meV resolution, only some of the numerous spectral features could be resolved. Higher resolution photoionization experiments in the VUV energy range have recently been conducted for raregas atoms 1,3{9]; a comprehensive review of many experimental aspects can be found in Ref. 10] . Of particular relevance to our work are Refs. 3, 4] , which report preliminary results on single and double excitations in neon photoionization cross section, using the high-resolution SX700/II monochromator. In the present paper we report on improved measurements for the neon photoionization; apart from re ning the spectrum measured by Codling et al. 2] , our experiment, whose spectral resolution is about 3 meV in the photon energy range between 44 and 53 eV, unveils new resonances 2p 4 ( 3 P )3s( 2 P )4p and 2p 4 ( 3 P )3s( 2 P )5p, and brings up new relativistic features of highly excited resonances converging to di erent ne-structure thresholds associated with the 2p 4 ( 3 P )3s 2 P and 2p 4 ( 3 P )3p 2 P states of Ne + . Theoretical studies of rare-gas atoms photoionization are well established below the second ne-structure split threshold np 5 2 P 1=2 10, 11] . However, studies above this threshold (i.e. above the rst ionization threshold in LS coupling), which speci cally include a resonance structure, still pose nontrivial di culties. In much earlier studies, Burke and Taylor 12] investigated the singly excited resonances nsnp 6 n 0 p in neon (n = 2) and in argon (n = 3); the nsnp 6 n 0 p resonances were studied also very recently in neon 13] and in neon through krypton 14] . The total and partial cross sections in the direct photoionization of outer shells in neon through xenon were investigated over a broad energy range 15], although the resonance structure was ignored in these studies. While double excitations in argon were studied recently 16] , no line-by-line comparison with the experiment was reported. Ref. 10] reviews some recent computational studies in the rare-gas atoms, including helium.
Calculations of the resonance structure in rare-gas atoms are hampered due to the high excitation energies of the target states, due to the large number of strongly interacting channels, and due to the importance of correlation e ects. These and other di culties also plague the present eigenchannel R-matrix studies, where we treat doubly excited resonances in a system with many valence electrons, and over a wide energy range. Earlier eigenchannel R-matrix calculations applied to open p-shell atoms 17, 18] and to transition-metal atoms 19, 20] treated only single-electron excitations over a range of energies limited to just a few eV above the rst ionization threshold. Those earlier studies successfully explained many features in those strongly perturbed spectra. The present calculations show that the same methods also provide spectroscopically useful information and a comprehensive picture of the neon photoionization over an energy range approximately 10 eV in breadth.
II. EXCITATION MECHANISM IN NEON A. Overview of doubly excited Rydberg states
A photon in the energy range between 44 and 53 eV can excite a 2s-electron, 2s 2 2p 6 ! 2s2p 6 np, or it can excite two 2p-electrons (via correlation e ects discussed in subsection II.B) into some of several Rydberg series, 2p 6 ! 2p 4 nl n 0 l 0 1, 2] . Here, nl is 3s or 3p, and n 0 l 0 labels an excited s, p, d or f electron which couples to an odd-parity state of Ne. For brevity, we omit the lled 2s core from our notation for the doubly excited states. A variety of doubly excited Rydberg series arises from the allowed con gurations of 2p ?2 grandparents 2p 4 ( 3 P ), 2p 4 ( 1 D), and 2p 4 ( 1 S). Since the majority of the Rydberg series observed in this portion of the neon spectrum can adequately be described within a nonrelativistic LS approximation, we treat here only 1 Higher excitations 3d np, 3s nf , 4f ns, 3d nf , etc., do not appear in the neon spectrum below 53 eV, except for the lowest perturbers (see below). In LS coupling, if ne-structure e ects are neglected, only the 2s singly excited and ve double excited Rydberg series need to be considered below 53 eV. These are: 2s2p 6 ( 2 S)np, 2p 4 ( 3 P )3s( 2 P )np, 2p 4 ( 1 D)3s( 2 D)np, 2p 4 ( 3 P )3p( 2 P )ns, 2p 4 ( 3 P )3p( 2 D)nd, and 2p 4 ( 3 P )3p( 2 P )nd; each of these is coupled to the nal symmetry 1 P o . An nf series converging to 2p 4 ( 1 D)3s 2 D can also be excited, but only the lowest member 4f has been resolved. Additionally, the 2p 4 ( 1 S)3s( 2 S)3p member of a higher series is energetically allowed. Among members associated with other Rydberg series, also the 2p 4 ( 3 P )3d( 2 D)3p 1 P o and 2p 4 ( 3 P )3d( 2 P )3p 1 P o resonances can be photoexcited in this photon energy range. Note, however, that each of these states can be formed from a linear combination of 2p 4 ( 3 P )3p( 2 D)3d 1 P o and 2p 4 ( 3 P )3p( 2 P )3d 1 P o wave functions. Consequently, 2p 4 ( 3 P )3d( 2 D)3p 1 P o and 2p 4 ( 3 P )3d( 2 P )3p 1 Fig. 1 , an overview of the neon photoexcitation is given, and energies of the Ne + levels can be compared in Table I .
All these Rydberg series overlap in energy, which causes strong perturbations in the spectrum. For example, the 2p 4 ( 1 D)3s( 2 D)3p perturber overlaps with the 2p 4 ( 3 P )3s( 2 P )np series, leading to strong channel interactions and an enhancement of this series in the photoionization cross section. This perturbation, already discussed in Ref. 2] , together with other perturbations are discussed in detail in the present paper. In section V we analyze in addition the 4p and 5p members of the 2p 4 ( 3 P )3s( 2 P )np series interacting with the singly excited 2s2p 6 np series, a quenching of the 2p 4 ( 1 D)3s( 2 D)np resonances (n > 9) by the 2p 4 ( 3 P )3p( 2 P )5s perturber, and an interference between 2p 2 ( 1 S)3s( 2 S)3p and highly excited ns and nd series converging to the 2p 4 ( 3 P )3p 2 P ionization threshold.
B. Excitation paths from the ground state to the doubly excited states
Photoexcitations from the ground state to the doubly excited states are possible mainly to the extent that the initial state exhibits electron correlation. Dipole transitions induced in this way favors only some nal states, thus di erent Rydberg series listed above will have very di erent spectral intensities. Table II shows a shorthanded con guration interaction (CI) expansion of the initial ground state 2s 2 2p 6 1 S, whose calculations are outlined in subsection IV B. The 2s 2 2p 6 con guration contributes 90% to the wave function expansion (i.e. the square of its CI coe cient is 0.9), whereas the next largest con guration 2p 5 3p contributes nearly 6%. The 2p 5 3p con guration represents, in the independent particle model, relaxation of the 2p 6 core, i.e. a change of the spatial distribution of a 2p radial wave function after one electron has been ejected from the 2p 6 core into the 2p 5 "l continuum. Other 2p 5 np con gurations (n > 3) also represent the core relaxation, but to much lesser extent.
The core relaxation allows for dipole-induced transitions to all of the observed 2p 4 3l3l 0 members, where l and l 0 are s, p or d electrons. Dipole transitions to excited members of the Rydberg series 2p 4 3snp (n > 3) are excluded because np orbitals representing the nal states are orthogonal to the 3p orbital in the 2p 5 3p initial state con guration. These series can be reached only through the admixture of other initial state con gurations, which however contribute less than 0.1% to the wave function expansion. Therefore, all 3snp series will have very weak spectral intensities.
Among excited 2p 4 3pns and 2p 4 3pnd members (n > 3), all of the 3pns series and some of the 3pnd Rydberg series can be photoexcited through the core relaxation. Electric dipole selection rules permit the following transitions to occur
where l = s; d. Thus all 3pns series will be strong in the spectrum and will have the highest photoabsorption strength among all doubly excited resonances. However, among these series, only 2p 4 ( 3 P )3p( 2 P )nl 1 P o are energetically accessible for photon energies below 53 eV.
Those 3pnd Rydberg series which are not listed above, as 2p 4 ( 3 P )3p( 2 D)nd 1 P o , are much weaker since they can be photoexcited only through the admixture of other, less important, initial state con gurations. Actually, only the lowest member 2p 4 ( 3 P )3p( 2 D)3d 1 P o was observed in the earlier photoabsorption spectrum 2] and in the present high-resolution experiment. The excited members have not been resolved and they appear to be very weak in the calculated spectrum. Codling et al. 2] noted that the lowest Rydberg series members n = 3 are much more intense than excited members with n > 3. A prominent example is the lowest resonance 2p 4 ( 3 P )3s( 2 P )3p 1 P o in the neon spectrum, which is far stronger than the 3s4p and 3s5p resonances. In fact, these two latter Rydberg series members were not resolved in the early spectrum 2]. This observation contradicts a general trend, that all members in an unperturbed Rydberg series, with no Cooper minimum, have the same maximum photoabsorption cross section (provided the spectrum is measured with an in nite resolution). As pointed out in the previous paragraph, the 3s3p members are photoexcited with a much higher probability than 3snp members with n > 3. Moreover, the n = 3 resonances are con ned almost entirely within the inner core (which extends to about 12 Bohr radii) and thus experience stronger electron correlations than the higher-n members 1]. This, in turn, causes a departure in the quantum defect and can enhance the photoabsorption strength.
C. Breakdown of LS coupling
If we ignore the ne-structure splitting of Ne + states, which, on the average, are of the order of 10 meV, LS coupling is satis ed for most of the resolved resonances in the spectrum. However, even in the comparatively low-resolution experiment by Codling et al. 2] , one could resolve ne-structure splitting of the 2p 4 ( 3 P )3s( 2 P )np series (n 6) into 3s( 2 P 3=2 )np and 3s( 2 P 1=2 )np series. Table I shows that 2p 4 ( 3 P )3s 2 P has the largest ne-structure splitting among all relevant doublet states of Ne + , E jc = 75:9 meV. In our high-resolution experiments, the splitting into three series that converge to two j c dependent thresholds is observed already for the n = 4 members. Similar features are also observed for the ns and nd Rydberg series converging to 2p 4 ( 3 P )3p 2 P jc . However, due to the smaller target state splitting E jc = 15:8 meV, the ne-structure e ects in the 2p 4 ( 3 P )3p( 2 P jc )nl series are resolved for higher members (n e >7) than in the 2p 4 ( 3 P )3s( 2 P jc )np series (n e >4). In subsection IV.A we discuss brie y how the size of the target ne-structure splitting a ects the intensity of the ne-structure split Rydberg series.
The ne-structure split Rydberg series are described best in jj coupling (j c ; j o ) n , where j c and j o are the total momentumof the target state and of the outermost electron, respectively, (for example the 2p 4 
III. EXPERIMENTAL TECHNIQUES
Each neon atom is excited by a single photon from a highly monochromatized photon beam at the Berliner Elektronenspeicherring f ur Synchrotronstrahlung (BESSY) 3]. Photoexcitation is measured by collecting the charged particles which are produced via the decay of the excited neon by direct photoionization or by autoionization. The total photoionization current in the 10 ?12 A range is measured as a function of photon energy. These photoionization measurements were performed with a two-plate ionization cell of 10 cm active length 3], lled with neon gas, whose pressure was between 0.1 and 1 mbar; the cell was separated from the ultra-high vacuum of the monochromator by a 1500 A Al(1% Si) window. A voltage of 100 V was applied between the two plates to collect the electrons and ions, and the current was measured with a sensitive ammeter (Keithley, model 617). The measured current is proportional to the photoabsorption cross section only in case of low gas density, i.e. for a linear approximation to the Lambert-Beer law. Note that in the case of weak resonances quite large neon pressures are needed, and minor saturation e ects in uencing the accurate lineshape and the natural linewidth of a resonance cannot be excluded 7], slightly violating the unambiguous context of photoionization and photoabsorption. Note in addition, that these measurements can give only relative cross sections rather than absolute cross sections, because it is di cult to correct for a background caused by the production of photoelectrons from the Al window and by an approximately linear beam decay as well as the energy-dependent monochromator intensity function.
For the high-resolution photoexcitation measurements, a very narrow energy width E was extracted from the high-resolution SX700/II monochromator operated by the Freie Universit at Berlin at BESSY 3] . This monochromator is equipped with a plane pre-mirror, a plane grating (2442 lines/mm), and an ellipsoidal mirror focusing the xed (virtual) beam source onto a curved exit slit (3 m). The monochromator has no entrance slit, and thus position and size of the electron beam source in uence strongly both energy calibration and resolution. Nearly all measurements were performed with BESSY operating in the smallsource mode (vertical beam size = 0.12 mm) and a 20% illuminated portion of the ellipsoidal mirror. Usually, the photon energy is adjusted by moving both the plane mirror and the grating in order to get xed foci of the ellipsoidal mirror, then, the resolution E scales with E 3=2 . However, the incidence angle of the pre-mirror is restricted to a value lower than 13 21] , and the monochromator does no longer work in the so-called \ x-focus mode" for low photon energies (h < 76 eV for the 2442 lines/mm grating), i.e. the energy range relevant at present. Instead, photon energies are adjusted by rotating only the grating with the premirror xed: here resolution is optimized by changing the distance between the ellipsoidal mirror and the exit slit adjusting the exit slit to the varying focus. As a consequence, of course, the usual scaling of the resolution E with E 3=2 does not apply, and we need an independent check of the resolution: we get a resolution of E = 4 meV (FWHM) 6] at h = 64 eV and of E = 3 meV (FWHM) at h = 45 -53 eV by shifting the exit slit by 9 mm and 20 mm, respectively. Also the photon energy cannot be calibrated using \ xfocus mode" energy values, obtained e. g. for the well known helium double excitations 6]. Here the photon energy was calibrated by tting the 2s2p 6 np resonances with a Rydberg series of Fano pro les with a constant quantum defect, presuming the 2s2p 6 
IV. THEORETICAL AND COMPUTATIONAL METHODS

A. Principles
The theoretical and computational methods adopted in this study are the same as in the earlier eigenchannel R-matrix studies 18{20]. We use the eigenchannel R-matrix method 17], multichannel quantum defect theory (MQDT) 25], and the recoupling frame transformation 26]. In this section we mainly describe the construction of the basis functions needed to calculate the initial and nal state wave functions inside the region where strong interactions are localized, the so-called \reaction zone".
Any wave function for the (N +1)e ? system (Ne + ,e ? ) is characterized by a coupling between a target state (Ne + state) and an outermost electron. The eigenchannel R-matrix method solves, utilizing a variational principle, the (N+1) electron dynamics inside a region of strong correlation. This region is characterized by an R-matrix sphere of radius r = r 0 , which is large enough to envelope all relevant Ne + states and the ground state of Ne. It is also large enough so that one can neglect electron-induced multiple potentials (which appear in close-coupling equations) between the outermost electron and the residual ion. In our calculations we chose r 0 = 12 Bohr radii. The target state wave functions, whose decay are su ciently rapid that they can be neglected at r > r 0 , are constructed in a multicon guration Hartree-Fock approximation 27], whereas the outermost electron wave function is represented inside the R-matrix sphere by a superposition of discretized orbitals, which obey a Hartree equation inside r < r 0 . After the R-matrix calculation determines the (N+1)e ? wave function and its normal derivative at the surface r = r 0 , MQDT determines the wave function everywhere outside r 0 . This outer MQDT solution can be characterized by a reaction matrix at all distances r > r 0 :
Elements of the short-range MQDT reaction matrix K are determined by matching the inner and outer solutions and their radial derivatives at r = r 0 . Here, f and g are two standard, linearly independent Coulomb functions. In an energy range where autoionization can occur, i.e. where some ionization channels are energetically \open" (channels labeled o) and other channels are \closed" (labeled c), we must superpose the linearly independent solutions in Eq. (2) so as to eliminate diverging solutions in the closed channels. This resulting linear transformation of the solutions (2) As pointed out in subsection II C, some portions of the neon spectrum exhibit relativistic e ects. In particular, three np series are found to converge to di erent ne-structure levels j c = 3 2 and j c = 1 2 of the residual Ne + ion 2p 4 ( 3 P )3s 2 P . The relativistic e ects are incorporated by transforming the wave functions, and consequently K and D, from LS coupling into jj coupling (or into any equivalent coupling scheme for which the total core spin-angular momentum j c is a good quantum number) 26]. In addition to performing this orthogonal transformation, it is crucial to use experimental ne-structure target state energies when the e ective quantum numbers are evaluated in Eq. (3). The ne-structure e ects are the strongest for those Rydberg series whose ionization thresholds have the largest splittings E jc . Then, even low-lying members exhibit a j cdependent splitting. This can be understood from semiclassical arguments derived from the WKB approximation 28], which relate the size of the target state splitting to a cumu-lative phase change in the de Broglie wave of the outer electron ' 
]. In the limit E ! 0, i.e. close to the ionization threshold, the phase change ' between channels associated with di erent ne-structure levels depends on the electronic distance r as p 2 3 r 3=2 E jc . Thus for each ne-structure split Rydberg series, there is a limiting value of r which approximately marks a transition from a nonrelativistic LS coupling to a relativistic jj, or jK coupling. Its value, which directly translates into an effective quantum number of a Rydberg state, depends on the size of the target state splitting E jc and on the di erence between quantum defects in the relevant LS-coupled Rydberg series. For these reasons, low-lying Rydberg series members tend to be nearly pure LScoupled states, and thus spin-forbidden excitations to low-n resonances are very weak. In contrast, highly excited Rydberg states are better characterized in either jj or jK coupling, and excitations to all ne-structure split components of a given n state can be comparably important.
B. Calculations of the relevant Ne + target states
The rst step in the calculations is the generation of atomic wave functions for the physically-relevant target states, which contribute to the initial state 2s 2 2p 6 Target orbitals are calculated in a multichannel Hartree-Fock approximation (MCHF) 27,30], where we include both spectroscopic and correlation orbitals. In what follows we overline correlation orbitals, for example 4p, to distinguish them from spectroscopic orbitals of the same angular symmetry, such as 2p or 3p. First, the 1s, 2s, and 2p orbitals are optimized on the 2p 5 con guration, then 3p is optimized on 2p 4 3p (averaged over LS term values), and 3s on 2p 4 3s. Next, we optimize correlation orbitals nl on those physical Ne + states, which are strongest correlated. 4s is optimized on 2p 4 ( 3 P )3p 2 P o , including singleand double-electron substitutions from the 2s, 2p, and 3p subshells to a virtual 4s orbital, similarly 4p is optimized on 2p 4 
, including single-and double-electron substitutions, and 3d is optimized on 2s2p 6 2 S, including a 2p 4 3d 2 S perturber.
The correlation orbitals play an essential role in the description of all physical Ne + states. The largest correlation is observed for 2s2p 6 2 S, where the 2p 4 3d 2 S perturber contributes nearly 25% to the wave function expansion. This strong correlation in rare-gas atoms was recognized in earlier studies by other authors 13, 16, 31] . There is a large di erence, however, in the nature of the 3d orbitals in neon and in the heavier rare-gas atoms. In argon, a spectroscopic 3d orbital is contracted within the same space (about 15 a.u.) as the 3s and 3p orbitals, and it strongly correlates with the 3s3p 6 con guration. In contrast, the spectroscopic orbital 3d in neon extends up to at least 20 a.u., and has little e ect on the 2s2p 6 con guration which is con ned within = 6 a.u. Therefore, to correlate 2s2p 6 one has to use a correlation orbital 3d, which can be concentrated in the same region of space as the 2s and 2p orbitals. Other correlation orbitals in neon, as 4p in the CI expansions for 2p 4 3p, are needed to represent both the proper correlation (pair correlation 2p 2 ! 4p 2 ), and to represent a radial correction (2p ! 4p and 3p ! 4p). For example, the radial correction is necessary because spectroscopic 2p and 3p orbitals are di erent for the di erent con gurations. Fig.  2 illustrates spectroscopic 3s, 3p, 3d, and a correlation 3d orbital in Ne + .
The MCHF orbitals are now used to construct the physical target states. In the rst step we generate a long CI expansion for each state, including singly and doubly excited con gurations from each occupied subshell in the 2p 5 , 2s2p 6 , 2p 4 3d or 2p 4 3p con gurations to 2s, 2p, 3s, 3p, 3d, 4s, and 4p orbitals, following the parity conservation and the spin-and angular-momentum coupling rules. To the above CI expansion, we also add some con gurations representing the core polarization, as constructed from single-electron excitations from the main con guration for each physical target state, involving the parity change. A nonrelativistic hamiltonian is diagonalized in this large basis, thereupon it is truncated to include only those components for each physical target state, whose weight is larger than 0.0005. On the average, we keep about 15 con gurations for each physical target state. Table I shows our theoretical target state energies relative to the ground state 2p 5 2 P o in comparison with experimental values from Persson 22] . The largest error of our theoretical values of the excitation energy is about 0.4 eV, which translates into an error of order of 0.02 in quantum defect calculated with respect to the double-ionization threshold 2p 4 3 P 2 at 62.527 eV; from other eigenchannel R-matrix calculations, we expect the same error in the nal states as in the target states. We remind the reader that the theoretical target state energies are used only to calculate short-range K and D parameters in Eq. (2) (the R-matrix part of the calculations), whereas experimental target state energies are used in the course of the MQDT calculations, when we impose boundary conditions in open and closed channels. Ionization thresholds and quantum defects are evaluated with experimental energies. where r > is the greater of the radial r and s coordinates, q n 0 l are occupation numbers for the spectroscopic 1s, 2s and 2p orbitals in the 1s 2 2s 2 2p 5 con guration. We use 12 closed-type orbitals that vanish at the R-matrix surface, and one open-type orbital, which has a non-zero amplitude at the surface and represents an outer electron escaping beyond r = r 0 into an excited Rydberg state, or into a continuum. For brevity of notation, we use "l to designate an electron in both open and closed MQDT channels (which in this sense have continuous energies), whereas nl is reserved strictly for discrete resonances.
C. Calculations of the initial and nal states
To minimize the size of our expansion set, while keeping the most important con gurations, we neglected all partial waves with angular momenta l > 2. Among those, the most important are f waves represented by the 2p 4 The initial state 2p 6 1 S is represented as a superposition of the target states coupled with the closed-type orbitals "s, "p and "d. The dominant terms in the CI expansion are listed in Table II . Our ionization energy of 2p 6 1 S is 22.094 eV, which is 0.497 eV more than the experimental value of 21.597 eV (see Table I ). This di erence translates into an error of only 0.01 in the quantum defect. Final states, which in LS coupling are represented by the Although a relatively large number of basis functions is used, convergence problems plaque our calculations. This is clearly apparent in the few percent discrepancy (on the average) between length-and velocity-gauge cross sections 34] (see Fig. 3) , and in the slow convergence of short-range scattering parameters. The convergence problems derive partly from the large excitation energies of the physical Ne + states and partly from their strong correlation. The slowest converging are the d-waves, which is mainly due to the inclusion of the 3d correlation orbital. Because 3d, which is the lowest nd orbital included in the target state wave-function expansion, is so di erent from a spectroscopic 3d orbital (see subsection IV B and Fig. 2) , any satisfactory representation of, for example, a 2p 4 ( 3 P )3p( 2 P )3d resonant state will require a large number of basis-type "d orbitals to compensate for this large di erence. (Note that this problem is absent in the heavier rare-gas atoms because of the di erent nature of the 3d orbital, see subsection IV B). The other correlation orbitals 4s and 4p do not slow down the convergence rate so much, because we include spectroscopic 3s and 3p orbitals in the target state representation. These spectroscopic Ne + orbitals also describe the 2p 4 3s3p con guration of neon fairly accurately.
V. EXPERIMENTAL AND THEORETICAL SPECTRA A. Photon energy between 44 and 48.5 eV Fig. 4 shows a portion of the cross section in this energy range. In the upper panel, Fig. 4(a) , the experimental spectrum and in the lower panel, Fig. 4(b) , the calculated cross section are shown. The spectrum is dominated by the 2s2p 6 ( 2 S)np 1 P o series, which is nearly unperturbed. At about 45.0 eV, the rst double excitation resonance 2p 4 ( 3 P )3s 3p 1 P o is seen, which is the common member of the Rydberg series 2p 4 ( 3 P )3s( 2 P )np and 2p 4 ( 3 P )3p( 2 P )ns. The 2p 4 ( 3 P )3s( 2 P )4p and 2p 4 ( 3 P )3s( 2 P )5p members fall also within this energy range, but are too weak to be seen on this scale. These resonances are discussed in more detail further below. 
The phase-shift parametrization is independent of the experimental resolution, as opposed to the more standard parametrization of the Beutler-Fano pro le 33]. For asymmetrical resonances, in particular for the 2s2p 6 np 1 P o series discussed here, the resonance position de ned in Eq. (7) is approximately centered between the maximum and the minimum of the Beutler-Fano pro le. However, the experimental energies are taken at the intensity maxima of the resonances, which for spectral lines with negative Fano q parameters are shifted towards lower energies as compared with the theoretical positions. This energy shift is about half the resonance width ? 2 , and it translates into a constant shift ? red 2Ry in the e ective quantum numbers, where Ry is the Rydberg constant. From Table III we nd that ? red = 0:17 eV, which increases the experimental e ective quantum numbers by about 0.003. These di erences between peak maxima and resonance energies, together with calibration errors, are considered in the experimental error bars.
Our experimental linewidth of the 3s3p state (? = 16 2 meV) is comparable with the measured value ? = 13 2 meV of Codling et al. 2]. Our reduced linewidth (? red = 0:16 2 eV) is approximately constant for the whole series. However, our calculated width for 3s3p (? = 34 meV) is larger than the observed one. Its calculated width and the width of the next 3s4p state (? = 6:6 meV) is also larger than calculated by Burke and Taylor 12], 17 and 4 meV respectively, and by Stener at al. 14], 13.9 and 3.9 meV, respectively. Di erences in our calculated and measured quantum defects are, on the average 0.04, well within the range of errors expected for such a strongly correlated target state. The experimental errors increase close to the ionization threshold, since small errors in energy translate then into large errors in quantum defect. For better determination of the quantum defect of this nearly unperturbed series, we performed an additional t of our experimental spectrum for the Rydberg series with constant quantum defects, including the states from n = 10 to n = 19, and we got the new quantum defect = 0:818 0:002, which compares well with the calculated value of 0.818. Our calculated e ective quantum numbers for the 2s2p 6 3p 1 P o ( = 2:151) and 2s2p 6 The lowest resonance in this energy range, which is also the lowest resonance appearing in the neon spectrum above the rst ionization threshold 2p 5 2 P , is a common member of the 2p 4 ( 3 P )3s( 2 P )np 1 P o and 2p 4 ( 3 P )3p( 2 P )ns 1 P o series. However, its eigenvector composition and its e ective quantum number de nitely favors the membership in the 2p 4 ( 3 P )3s( 2 P )np 1 P o series. Its experimental quantum defect is 1.24, which is much more than the quantum defect ( = 1:0) of higher members of these series (see Table IV ). Its larger quantum defect can be attributed to the con nement of the 3s3p radial wave function in the reaction zone, which, in turn, enhances the electron correlation. Therefore, the dynamics of this state is dominated mainly by short-range forces, as opposed to higher-lying members, where long-range forces play the dominant role. Apart from the di erence in the quantum defect, the 3s3p member appears in the spectrum to be much more intense than the 3s4p and 3s5p members. As pointed out in subsection II B, the doubly-excited resonances are photoexcited to the extent of correlation in the ground state. Due to the major contribution of the 2p 5 ( 2 P )3p 1 S correlation con guration in the ground state, all 2p 4 3s3p resonances can be photoexcited. However, the higher-lying np resonances (n > 3) can only be reached from the ground state due to the presence of other initial-state con gurations and therefore appear much weaker in the photoionization cross section. Indeed, the 2p 4 ( 3 P )3s( 2 P )4p 1 P o resonance is comparatively very weak, and was not even resolved in the earlier photoabsorption spectrum 2,3].
At present, we identi ed the 3s4p resonant state as a weak perturbation in the spectrum in the vicinity of the 2s2p 6 5p 1 P o resonance; Fig. 5 magni es this portion of the spectrum. Close to this resonance, weak features are visible, which are resolved for the rst time. The additional peaks belong to the 4p members of the 2p 4 ( 3 P )3s( 2 P jc )np jo is no longer pure in LS coupling but is split into four resonances, which are classi ed within the jj-coupling scheme (j c ; j o ) n . Features with j c = 3 2 and j c = 
For weakly interacting and nearly degenerate levels, jc k j 2 is very sensitive to the zero-order energy separation E o ?E k , and even an error of 0.02 in quantum defects completely destroys this interference pattern. At higher energies, six additional resonances are visible, some of which straddle the ionization threshold 2s2p 6 2 S. With our good resolution and signal-to-noise ratio, it is now possible to resolve these perturbing features and the 2s2p 6 np 1 P o series up to n > 20. Fig.  6 shows a magni cation of the high-energy part of the 2s2p 6 np series (n > 15) as well as additional resonances converging to the next ionization threshold. Codling et al. 2] observed only one resonance at 48.543 eV and classi ed it as 2p 4 ( 3 P )3s( 2 P 1=2 )5p 1 P o . In addition, we observe the 2p 4 ( 3 P )3s( 2 P 3=2 )5p 1 P o and other very weak resonances. However, their identi cation is di cult, because even a small error in their theoretical positions (which is about 0.02 in the quantum defect) drastically changes this portion of the neon spectrum. Furthermore, the occurrence of six resonances found in the experiment could not be explained easily, as there can be only four 5p members associated with the 2p 4 ( 3 P )3s 2 P jc thresholds. In the jj-coupling scheme, they are characterized as: ( 2 ) 5 . The origins of the other two peaks were identi ed through a smaller scale calculation that included in the target-state representation all doublet and quartet Ne + states, which might contribute to resonances in this energy range. These extended calculations showed see Fig. 6(c) ] that the additional peaks are probably associated with members of the np Rydberg series converging to the j c = 3 2 and j c = 5 2 levels of the 2p 4 ( 3 P )3s 4 P target state. Only tentative assignments, which specify the total momentum j c of the target, but leave out the total momentum j o of the outer electron, could be made because of the large discrepancy between theory and experiment. 2 ) 8 resonance is increased. In addition to several resonances that were observed previously, many new resonances are now resolved. The 2p 4 ( 3 P )3s( 2 P 3=2 )np 3=2 and 2p 4 ( 3 P )3s( 2 P 1=2 )np 1=2 are resolved up to n = 18, and the 2p 4 ( 3 P )3s( 2 P 3=2 )np 1=2 series is identi ed for the rst time (up to n = 8). The better spectral resolution of the present experiment, combined with the theoretical calculations, allows us to assign all resolved levels, and provide a complete and comprehensive picture of this strong interplay between correlation and relativistic e ects. Table IV shows the theoretical and experimental resonance parameters from this work together with experimental values from Codling et al. 2] . The experimental linewidth of the 2p 4 3s( 2 P 1=2 )3p state is ? = 10 2 meV, and it agrees well with that of Codling et al. 2] , who measured ? = 10 3 meV. The linewidth of the higher members of the 2p 4 ( 3 P )3s( 2 P jc )np jo series are di cult to determine because their autoionization widths are comparable to, or less than, the monochromator resolution and because of saturation e ects due to the rather high neon pressure in the gas cell that is needed for good signal-to-noise ratio. However, linewidths and transition strengths (intensities in the experimental spectra) are strongly correlated as in the case of helium 36]. In Fig. 7 , a variation in intensities is seen, which correlates with the theoretical linewidth in Table IV . Agreement between theoretical and experimental quantum defects is, on the average, at the level of = 0:02.
The resonances in Table IV are classi ed according to the jj-coupling scheme. We found for the majority of these resonances, that the eigenvectors are purer in jj coupling than in jK coupling. It is counterintuitive to the general trend in the rare-gas atoms, where jK coupling is usually better 37]. Higher-lying resonances in Table IV (for n > 12) appear to be actually purer in jK coupling, but we retain the original jj notation for consistency.
Various perturbations found in this energy range derive from 2p 4 ( 1 D)3s( 2 D)3p 1 P o and from interactions between the Rydberg series associated with the j c = 3 2 and j c = 1 2 nestructure levels of the 2p 4 ( 3 P )3s 2 P target. These latter perturbation occur nearly periodi- 2 ) n resonances (full diamonds) are located on one branch, and the ( 3 2 ; 1 familiar for bound spectra 38]. Here, for the autoionizing spectrum, we adopted a di erent formulation, which was earlier used to study perturbations in autoionizing Rydberg series in 2 ) channels associated with the 2p 4 ( 3 P )3s 2 P 3=2 level, whereas the index \b" labels all other closed channels converging to the 2p 4 ( 3 P )3s 2 P 1=2 level and to higher-lying thresholds. S red a is thus a two-by-two matrix, whose eigenvalues e ?2i a describe the ( 3 2 ; 3 2 ) and ( 3 2 ; 1 2 ) channels. The real part (Re a ) and twice the imaginary part (2Im a ) of the complex quantum defects a = n ? a , which are associated with those eigenvalues, are just the two continuous lines plotted in Fig. 8(a) and Fig. 8(b 
where E a (a.u.) is the j c = 3 2 ionization threshold.
The Fig. 8 ; every time a quantum defect in a ( 3 2 ; j o ) channel (Re a ) passes through this perturber, it is increased by one, analogously to a phase shift in a true continuum channel when it passes though a resonance. E ects of these perturbations on the physically observable resonances ( 3 2 ; j o ) n , which are marked by diamonds, are most pronounced near 1=2 = 9 and 1=2 = 10, where the quantum defects experience a small shift from their average values. The e ect of the 2p 4 ( 1 D)3s( 2 D)3p 1 P o perturber can be traced over several ( 1 2 ; j o ) n resonances, as it slowly increases the Re a quantum defects. Nearly periodical perturbers are observed also for the reduced widths 2Im a in Fig. 8(b) . Here, in addition, we nd that the 2p 4 Fig. 7 , and they also appear strong in Fig. 3 . Of course, this enhancement in the photoionization cross section is also, in part, due to correlation in the initial state, which allows for a dipole transition between the 2p 5 ( 2 P )3p 1 S initial-state con guration and the 2p 4 ( 1 D)3s( 2 D)3p 1 P o state (see subsection II.B), and partly due to correlation among the doubly-excited Rydberg states.
In the following, we explain, using simple arguments, why the interaction between the broad perturber and the j o = j c series is much stronger than between the perturber and the j o 6 = j c series. For a qualitative explanation we assume that the interaction is mainly due to Coulomb forces, whereas the target ne-structure splitting amounts to a simple geometric rotation of the channel functions from LS-to jj-coupling. The relative interaction between the (j c ; j o ) channels, explicitly 2p 4 ( 3 P )3s( 2 P jc )"p jo , and the perturber, which is nearly a 2 ) n members. This exchange takes place in Fig. 8(a) between 1=2 = 4:5 and 1=2 = 5:5 (see also the exchange between the n = 6 and n = 7 resonances in Table IV and Fig. 7 ).
C. Photon energies between 50 and 53 eV
This portion of the experimental spectrum is shown in Fig. 9 , together with the theoretical cross section. Resonance parameters are given in Tables V, VI, series (n > 5) also decay predominantly into the 2p 4 ( 3 P )3s( 2 P )"p 1 P o continuum, although their decay is more complicated owing to interference with other perturbers converging to higher-lying ionization thresholds. A prominent example is a perturbation arising from the 2p 4 ( 3 P )3p( 2 P )5s 1 P o resonance near 52 eV. A magni cation of this energy region is shown in Fig. 10 . All 3snp resonances below the 3p5s perturber have high intensities, whereas members above 3p5s are strongly suppressed in the photoionization spectrum. In theory, the energy of the perturber is overestimated by about 0.1 eV, and only n > 13 Rydberg series members are suppressed in the spectrum. An additional perturbation of the 2p 4 ( 1 D)3s( 2 D)np 1 P o series arises from the 2p 4 ( 3 P )3p( 2 P )4d 1 P o state, which straddles the 2p 4 ( 1 D)3s 2 D ionization threshold. This portion of the calculated spectrum also exhibits very weak 3p4d and 3p5d resonances associated with the 2p 4 ( 3 P )3p 2 D threshold, although they are too weak to be resolved in the experimental spectrum (see also discussion in subsection II B); the only experimentally resolved member of this series is 3p3d at about 51.0 eV. Although relativistic features are expected to be strong for this Rydberg series (owing to the large target state ne-structure splitting of 63.3 meV), no attempt has been made to classify these resonances according a particular (j c ; j o ) n or j c ; np]K coupling scheme.
The spectrum above 52.5 eV, shown in Fig. 11 , is dominated by the 2p 4 ( 3 P )3p( 2 P )nl (l = s; d) Rydberg series and a low-lying 2p 4 ( 1 S)3s( 2 S)3p perturber. In the calculations, we adjusted the perturber's position to match the experimental spectrum in Fig. 11(a) , by shifting the 2p 4 ( 1 S)3s 2 S ionization threshold. The energy shift is about 0.08 eV, which for this particular resonant state 3s3p translates into an error of 0.02 in the quantum defect. The interference pattern observed here is somewhat similar to the perturbation near the 2p 4 ( 3 P )3p( 2 P )5s peak at 51.93 eV, in that the 2p 4 ( 3 P )3p( 2 P )nl Rydberg series to the right of the 3s3p perturber are strongly suppressed. As opposed to other resonances analyzed in this subsection, the n 7 members of the 2p 4 ( 3 P )3p( 2 P )nl series exhibit weak, but observable, relativistic features, deriving from the target state ne-structure splitting of 15.8 meV. In the calculated spectrum, the ne-structure is manifested in the appearance of three intense series and two weaker series; in pure LS coupling, we expect only two 2p 4 ( 3 P )3p( 2 P )nl 1 P o series (l = s; d). Eigenvector analysis showed that these resonances are characterized best in jK coupling. (Note, however, that jK and jj couplings are equally valid in the experimental spectrum, because the only observable quantum numbers are the spin-angular momentum j c of the target, the angular l and principal quantum number n of a Rydberg electron. Intermediate quantum numbers, as j o or K, can be deduced in other types of experiments, probing for example wave-function purity in radiative lifetime measurements). Their eigenvector compositions show that the three most intense series, indicated in Fig. 11(b) by the letters a, b, and c, have a common spin-angular momentum K = 3 2 . These levels are classi ed, in increasing order of energy, as: 2 P 3=2 ; ns] 3 2 , 2 P 3=2 ; nd] 3 2 , and 2 P 1=2 ; nd] 3 2 , respectively. The experimental spectrum favors much more the 2 P 3=2 ; ns] 3 2 , 2 P 3=2 ; nd] 3 2 peaks (a and b), whereas the third peak 2 P 1=2 ; nd] 3 2 (c) is more suppressed than in the calculations. The other two higher-lying members (not marked on The theoretical studies included the eigenchannel R-matrix method, multichannel quantum-defect theory, and the recoupling-frame transformation. These nearly ab initio methods account for most of the observed features, including a class of relativistic e ects. On an average, the calculated quantum defects di er from the experimental values by about 0.02 { 0.04, and resonance widths and pro les are also in reasonable agreement with the experiment. For the majority of the observed resonances, this accuracy is su cient for the unambiguous classi cation of the resonances. In addition to a standard line-by-line comparison with the experiment, we conducted detailed studies of various perturbations in the spectra. In particular, we explained the enhancement of the lowest 2p 4 ( 3 P )3s( 2 P )3p 1 P o resonance, and the near-vanishing of the 3s4p and 3s5p members of this Rydberg series. Furthermore, we investigated variations in intensities and quantum defects of the nestructure split 2p 4 6 . The cross section in the vicinity of the 2s2p 6 2 S ionization threshold. The experimental spectrum (a) exhibits three perturbers just below 2s2p 6 2 S, and three peaks above it. The calculated cross section (b) reveals only four resonances, which are associated with the 2p 4 ( 3 P )3s 2 2 ) n Rydberg series. We use the shorthanded notation (j c ; j o ) n , as in Fig. 5 . The broad perturber 2p 4 ( 3 P )3s( 2 P )3p 1 P o is indicated by a bullet ( ). These discrete resonance parameters are directly calculated from data in Table IV, 2 resonances are given with a xed distance between j c = 3 2 and j c = 1 2 , according to the threshold splitting of 15.8 meV. In the theoretical spectrum (b),the most intense Rydberg series members, labeled a, b and c, are characterized in jK coupling as 2 22] , and theoretical, E th , energy levels of some Ne + states, relative to the ground level 2s 2 2p 6 1 S of neon. E ave and E th are the experimental and theoretical energies averaged over ne-structure levels, respectively, E jc is the splitting between a level with the largest and smallest momentum j c . We have highlighted those Ne + levels, which contribute to resonance spectra of the 1 Rydberg series. The resonances are classi ed corresponding to jj-coupling as (j c ; j o ) n , analogous to Figs. 5 to 7. For n = 5, no experimental values are given due to di culties in assignment (see Fig. 6 ). TABLE VI. Parameters of the 2p(4)( 3 P )3p( 2 P )ns 1 P o autoionizing Rydberg series. The n = 3 member of this series is equivalent to the 2p(4)( 3 P )3s( 2 P )3p 1 P o resonance, which is already classi ed in Table IV . The n > 7 members are classi ed according to jK coupling as j c ; nl]K. Only the prominent members observed in the neon spectrum (K = 3 2 ) are listed. autoionizing Rydberg series. The n > 6 members are classi ed according to the relativistic jK coupling as j c ; nl]K. Only the prominent members observed in the neon spectrum (K = 3 2 ) are listed.
